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Abstract. Microphiopholis gracillima can autotomize

and then regenerate the autotomized central disc, includ-

ing integument, gut, and gonads. Experiments were car-

ried out to determine the relative importance of internal

nutrient reserve translocation and exogenous nutrient

uptake during the regeneration process. Approximately

60% of the dry body weight of M. gracillima is organic

material. Intact animals held for three weeks in natural

seawater did not change significantly in weight, caloric

content, or relative concentration of protein, carbohy-

drates, or lipids. Intact animals held for three weeks in

artificial seawater devoid of nutrients lost weight and ca-

loric content. The rate of loss was rapid initially, but

slowed after about eight days. Animals regenerated in

natural seawater lost weight initially, then regained the

lost weight. Animals regenerated in artificial seawater lost

weight constantly and at a higher rate than either the ar-

tificial seawater control or natural seawater regenerated

animals. All weight losses were attributable to significant

changes in the protein and carbohydrate fractions of the

organic body component. The lipid fraction and ash

components did not change significantly in any treatment.

M. gracillima appears to be adapted to regenerate the lost

disk rapidly, even under conditions of food deprivation.

Introduction

Autotomy (self-mutilation by casting off body parts),

followed by regeneration of the lost parts, is widespread
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among the echinoderms, and these animals are known to

have superb wound-healing and regenerative capacities

(see review by Emson and Wilkie, 1980; Brown, 1982).

The few published studies of echinoderm regeneration

have dealt almost exclusively with the capacity of an in-

dividual species to regenerate, descriptions of the appear-

ance of new structures, or measurements of regeneration

rates (Gibson and Burke, 1983). Although two recent

studies have estimated the environmental energy produc-

tion represented by regenerating brittlestar arms (Dui-

neveld and Van Noort, 1986; O'Conner el al., 1986), the

energetic costs to the regenerating animal of autotomy,

and the sources of nutrition for regeneration in echino-

derms, have not been evaluated.

Members of at least five families of ophiuroid echino-

derms (brittlestars) autotomize arms or the aboral disc

(including digestive tract, gonads, and disc epithelium)

when disturbed. They can regenerate these tissues within

a few weeks in the laboratory (Emson and Wilkie, 1980;

pers. obs.). The rate of tissue replacement must be related

to the amount of stored nutrients available and the rate

at which the animal can accumulate and allocate addi-

tional nutrients for tissue regeneration. The ophiuroid disc

begins to regenerate before the gut has been replaced, but

the sources of the nutrients that support that process are

uncertain. To date, no specific nutrient storage organ other

than the disc has been found, although the interstices of

the arm ossicles may be repositories for nutrients (Turner

and Murdoch, 1976). The ability of many echinoderms

to translocate nutrients during gametogenesis (Lawrence,

1987) suggests that the same mechanism could be used

during regeneration. Echinoderms may also take up dis-
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solved organic matter (DOM) from the surrounding sea-

water, or process exogenous paniculate nutrients by ex-

ternal digestion (Lawrence, 1987; Clements, 1988).

Theoretically, use of either DOMalone or external

digestion alone would result in a net gain of organic matter

by regenerating animals with no concomitant tissue loss

from non-regenerating portions of the body. In contrast,

internal nutrient translocation would result in the decrease

of tissue in non-regenerating portions of the animal, with

no net gain of organic matter during regeneration. There

should even be a net loss of tissue due to catabolism of

tissue constituents for respiration during regeneration. But

translocation of stored nutrients, external digestion, and

DOMuptake are not mutually exclusive and may operate

sequentially or simultaneously. Other echinoderms lack-

ing special storage organs resorb body parts under star-

vation conditions (Ebert, 1967; Feral, 1985; Lawrence,

1987). Wehypothesize that early disc regeneration (prior

to reformation of the functional gut) relies heavily on

translocation of internal nutrient stores that are mobilized

from the non-regenerating somatic tissues. The purpose

of this paper is to estimate the relative contribution of

internal nutrient translocation to disc regeneration.

Material and Methods

Individuals of Microphiopholis gracillima were col-

lected from intertidal mud flats in the North Inlet Estuary

just north of Georgetown, South Carolina (3720
r

N,

79 10'W). After collection, animals were taken to the lab-

oratory and sorted to eliminate all but individuals with

complete (or almost completely regenerated) discs. Ani-

mals were then placed in autoclaved all-glass aquaria in

an environmental chamber held at 25 C with a 12:12

light:dark cycle. The aquaria contained Millipore-filtered

(0.45 /urn) natural seawater (30%o). All aquaria were con-

stantly aerated. The seawater was changed daily to control

bacterial contamination (Clements et ai, 1988). Field-

collected animals may have large differences in their nu-

tritional states; therefore all animals were allowed to ac-

climate to the above conditions for seven days before the

start of the experiments to help equalize nutritional dif-

ferences. Animals were then randomly assigned to exper-

imental groups.

The amount of nutrients translocated during regener-

ation was estimated in the following treatments. Intact

and autotomized individuals were held in autoclaved all-

glass aquaria containing either Millipore-filtered (0.45 urn)

natural seawater without sediment; artificial seawater

alone (Cavanaugh, 1956; trace minerals formula 5); or

artificial seawater with approximately 125 ^mol/1 glucose,

125 /imol/1 palmitic acid, and 12.5 /umol/1 of each of 21

amino acids (alanine, arginine, asparagine, aspartic acid,

cysteine, cystine, glutamic acid, glutamine, glycine, his-

tidine, isoleucine, leucine. lysine. methionine, phenylala-

nine, proline, serine, threonine, tryptophan, tyrosine, and

valine) added, for a total DOMconcentration of approx-

imately 513 ^mol/1. This represents about a five-fold in-

crease over natural DOMlevels. (Clements, 1988; Wil-

liams, 1975). All aquaria were constantly aerated and kept

in an environmental chamber at 25C with a 12:12 light:

dark lighting regimen. All media were changed daily. At

4-day intervals, 10 animals were removed from each

treatment and dissected into the following body fractions:

proximal, medial, and distal thirds of the arms, the oral

frame, and the regenerated (or intact) discs. All of these

fractions were dried to constant weight in vacua over an-

hydrous calcium carbonate. About half of each fraction

was ashed at 400C for 6 h and its ash-free dry weight

determined. The remaining three parts were subjected to

biochemical analyses for protein, carbohydrate, and lipid,

respectively. Before biochemical analysis, each part was

split into three replicates, weighed, and ground to a dry

powder in a hand-held all-glass homogenizer. In this way,

replicated estimates of protein, carbohydrate, and lipid

were obtained for each body fraction, as well as estimates

of ash-free dry weight and caloric content. Because the

tissue samples were small, colorimetric techniques were

used in the biochemical analyses.

Total carbohydrate levels (as reducing sugars) were es-

timated by the phenol-sulfuric acid method of Dubois et

ul. (1956). with a 1:1 glucose:maltose solution as the stan-

dard. Total proteins were quantified by the Bio-Rad

(Richmond, CA) modification of the Bradford (1976)

method, with a 1 : 1 mixture of bovine serum albumin and

purified mollusk protein (Sigma) as the standard. Lipids

were extracted from the fraction homogenate with a 2:1

(v:v) chloroform:methanol solution. The extract was pro-

cessed according to the sulphophosphovanillin method of

Barnes and Blackstock (1973), with purified Microphio-

pholis gracillima lipid as the standard. The purified stan-

dard was prepared according to the procedures outlined

in Barnes and Blackstock (1973). To compensate for the

possibility of significant variation in total weights of the

specimens used in this study, and to control for the in-

evitable loss of tissue during the fractioning of the samples

for the different biochemical assays, all biochemical mea-

sures are reported as units per gram dry weight of specimen

rather than as absolute quantities per body part.

To determine the relative translocation rate of proteins,

carbohydrates, and lipids during regeneration, 300 ani-

mals were incubated in artificial seawater with either
I4 C-

leucine (specific activity 348.0 mCi/mmol),
14

C-glucose

(3.5 mCi/mmol), or
M

C-palmitic acid (850.0 mCi/mmol)
added at concentrations of 0.03 ^Ci/ml, 0.04 ^Ci/ml, and

0.04 yuCi/ml, respectively. After 48 h, the animals were

removed from the medium and rinsed in several changes

of artificial seawater. One half of the animals in each nu-
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trient treatment were induced to autotomize following

the procedure of Dobson ( 1984, 1985). Five animals from

each of the six treatments were immediately processed

(see below). The remaining specimens were held in au-

toclaved all-glass aquaria containing constantly aerated

artificial seawater in an environmental chamber at 25C
with a 12:12 light:dark cycle. The seawater was changed

daily. At 4-day intervals, for 20 days. 8 animals were re-

moved from each treatment and dissected to separate the

distal half of the arms, the proximal half of the arms (in-

cluding the oral frame), and the regenerated (or intact)

disc tissue. Each fraction of five individuals was dried to

constant weight at 80C and placed in a separate glass

scintillation vial containing 1 ml of 1:1 ProtoSol (New

England Nuclear) tissue solublizenethanol. Five ml of

AquaSol liquid scintillation cocktail (New England Nu-

clear) was added to each solublized specimen vial, and

the samples were counted with a Beckman liquid scintil-

lation counter with internal quench correction. The other

three individuals were dried to constant weight at 80C,
ashed at 400C for 6 h, and weighed again. Wenormalized

all counts by computing the counts per minute (CPM)

per gram dry weight and per gram ash-free dry weight of

the tissue.

All data were analyzed by one-way or two-way AN-
OVA, Tukey's multiple comparison procedure (Ostle and

Mensing, 1975; Sokal and Rohlf, 1981), or least-squares

linear regression using the General Linear Models Pro-

cedure of the Statistical Analysis System (Carey, North

Carolina). The probability of making any type I error at

all in the entire series of tests was held at a = 0.05 or less

[= Experimentwise error rate (Sokal and Rohlf, 1981,

pg. 241)].

Results

Biochemical composition of the intact hri/t/es/ar

Normal values for organic and inorganic constituents

of whole and individual regions of Microphiopholis gra-

ci/lima were obtained by pooling all of the initial (time
=

0) biochemical measurements from each experiment.

The results are summarized in Table I. About 60% of the

total dry body weight is organic tissue (as ash-free dry

weight), and most of it is located in the arms. The central

disc has the highest organic content (74%) relative to in-

organic material, but this represents only 7% of the total

dry body weight and 10% of the total organic tissue weight.

The proximal, medial, and distal arm parts and the oral

frame region contain 50 to 60% organic material, which

accounts for 90%. of the total organic material. The arms

have a higher percentage of organic material at their bases

than at their tips.

The central disc and oral frame have higher concen-

trations (per gram dry weight) of all organic components

than do any of the arm regions. The disc has the highest

concentration (per gram dry weight) of protein and lipid,

whereas the oral frame has the highest concentration of

carbohydrates. All arm fractions are similar in their pro-

tein, carbohydrate, and lipid concentrations. Interestingly,

the assayed total protein, carbohydrate, and lipid content

of the body accounts for only 30% of the total ash-free

dry weight (= organic content) of the brittlestar. The rel-

ative underrepresentation of organic material is constant

between body fractions with the exception of the oral

frame, which has a relatively lower underrepresentation.

Most of the total missing organic material is located in

the arm parts. Although colorimetric assays commonly
underestimate the actual amount of material present

(Dubois eta/., 1956; Barnes and Blackstock, 1973; Davis,

1988), the magnitude of the underrepresentation in this

case is unusual. Weassume that, as has been reported for

other echinoderms (Geise, 1966: Feral, 1985), the majority

of the missing material represents insoluble organic ma-

terial (such as connective tissue), organics tied up in the

stromal spaces of the ossicles, complexed biochemicals

(e.g.. glycoproteins and lipoproteins) that were not de-

tected by the assays, and nucleic acids.

Change in biochemical composition of tissues

during regeneration

Bodv weight changes. The changes in total dry weight

(DW). total organic weight (= ash-free dry weight, AFDW)
and total inorganic material weight (=ASH) fractions with

time in individuals in the natural seawater control (NC),

artificial seawater control (AC), natural seawater regen-

erated (NR), and artificial seawater regenerated (AR)

treatments are shown in Figure 1. Animals in artificial

seawater with added organics did not survive the experi-

ment and thus were not analyzed. Animals in the NC
group did not exhibit any significant change in total DW
(P = 0.3919), ASH weight (P = 0.9406), or AFDW(P
= 0.4805) during the course of the experiment (Fig. 1 A).

ACanimals showed a rapid initial drop in both total DW
(P = 0.0466) and AFDW(P = 0.0002) until day eight,

after which both weight measures remained relatively

constant. Total ASH weight did not change significantly

at any time in the ACgroup (P = 0.0828) (Fig. IB). NR
animals did not lose significant amounts of total DW(P
= 0.0546) or ASH weight (P = 0.4458) with time, but

gradually lost AFDW(P = 0.0022) until about day 12,

after which AFDWgradually increased through day 20

(Fig. 1C). The NR and AC groups lost as much as 40%
of their initial AFDWvalues at some point during the 20-

day experiment. ARanimals displayed a rapid initial drop

in total DW(P < 0.000 1 ) and AFDW(P < 0.000 1 ) from

day to day 4, followed by a slower constant decrease in

these values. The maximum loss of DWduring the ex-
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Table I

Normal hiachcmical iv>i/" w"""' "/ Microphiopholis gracillima

Constituent
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Figure 1 . Total body weight changes during early disc regeneration. (A) Natural Seawater control group.

(B) Artificial seawater control group. (C) Natural seawater regenerating group. (D) Artificial seawater regen-

erating group. Error bars represent 95% confidence intervals. Error bars and points offset slightly for graphical

clarity.

constant in all body fractions (Fig. 3B). The most rapid

drop in AFDWoccurred between day zero and day four.

Although the proximal arm fractions did lose AFDWover

the course of the experiment, the loss was not significant

at any time (P =
0.1443). Animals in the NRgroup lost

AFDWfrom all non-regenerating body fractions until ap-

proximately day 12, after which AFDWincreased (Fig.

3C). Because of the high variability in the data, the changes
in AFDWof the proximal and medial arm fractions were

not statistically significant from day zero at any other time

(P = 0.0566 and P = 0.0853, respectively). The AFDW
of all non-regenerating body part fractions in the ARgroup
declined continuously until day 16 of the experiment (P
< 0.05) (Fig. 3D). The most rapid decrease occurred be-

tween day zero and day four, except in the proximal arm

regions, where tissue was lost at a constant rate. The disc

tissue in both the NRand ARgroups did not increase in

AFDWcontent significantly after first appearing.
Protein content changes. The changes in total body

protein concentration over time are shown in Figure 5A.

The natural seawater control group did not change in

total protein concentration over the course of the exper-

iment (P = 0.4717). The artificial seawater control group
exhibited a slight decline in protein concentration with

time (P = 0.0 1 2 1 ), but the only day that was significantly

different from the others in this group was day eight. The

groups regenerating in natural seawater and in artificial

seawater both changed slightly in total protein concen-
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Figure 2. Changes in dry weights by body parts during early disc regeneration. (A) Natural seawater

control group. (B) Artificial seawater control group. (C) Natural seawater regenerating group. (D) Artificial

seawater regenerating group. Error bars represent 95% confidence intervals. Error bars and points offset

slightly for graphical clarity.

tration over the course of the experiment (P < 0.001 in

both). The protein concentration increased at the same
rate in both the NRand ARgroups until day eight, after

which the NRgroup continued to gradually increase while

the AR group began to decline. By the end of 20 days,

the protein concentration in the ARgroup was the same

as its initial (day zero) protein concentration.

The change in protein concentration over time by
treatment group and body part is shown in Figure 6. There

was no change in protein concentration in any body part

in the NC group over the course of the experiment (P
> 0.05) (Fig. 6 A). The ACgroup lost protein in significant

amounts from the disc (P =
0.0012), distal arm fractions

(P < 0.0001 ), and oral frame (P < 0.0001 ). The protein

concentration of the medial and proximal arm fractions

did not change (P = 0.0675, P = 0.7822. respectively)

(Fig. 6B). There was no change in the protein concentra-

tion of any arm fractions in the NRgroup (P > 0.05), but

the oral frame lost significant amounts of protein relative

to its dry weight (P = 0.0003), while the disc rapidly in-

creased in protein concentration (P < 0.0001) (Fig. 6C).

The AR treatment group lost protein from all non-regen-

erating body parts (P < 0.05) (Fig. 6D). The protein con-

centration of the disc in the AR group increased rapidly

until day 12 (P < 0.0001), then fell off rapidly through

day 20 (P < 0.0001). The rate of increase to day 12 was

the same as in the NR treatment (P > 0.05). The rate of

protein loss from the oral frame was slower in the AR
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(A) Natural Seawater Experiment (B) Artificial Seawater Experiment
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Figure 10.
14C-Leucine tracer content of tissues during early disc regeneration. (A) Natural seawater

experiment. (B) Artificial seawater experiment. AC = Artificial seawater control, AR = Artificial seawater

regenerating, NC = Natural seawater control, NR = Natural seawater regenerating, DIST = Distal arm,

PROX=
proximal arm and oral frame. Error bars represent 95% confidence intervals. Error bars and points

offset slightly for graphical clarity.

lipids. The loss of total caloric content in the various body

parts followed the same pattern, with no significant loss

in any other body parts. After four days, these animals

appeared to acclimate to the lack of food such that the

rate of overall materials loss was reduced; (i.e., they ap-

parently adjusted to food deprivation by reducing their

consumption of stored material). The temporal pattern

of material loss may also represent a rapid initial use of

stored resources followed by a breakdown of essential body
tissues to maintain metabolism. As tissue mass decreased,

the metabolic load due to those tissues decreased, and the

rate of tissue loss declined. Because mass-specific meta-

bolic rates were not obtained during this experiment, these

observations could not be empirically verified.

There are two possible explanations for the spatial pat-

tern of material loss in the artificial seawater control group.

The first is that the disc, oral frame, and arm tips are

preferentially resorbed when the animal is forced to ca-

tabolize tissue for maintenance. Turner and Murdoch

(1976) described such a pattern of arm tissue loss during

regeneration of the disc in Ophiophragmus filograneus.

This mechanism would leave the majority of the arm tis-

sue undisturbed so that normal feeding activity would not

be impaired when feeding conditions improved. The sec-

ond possibility is that the absolute rate of loss is the same

from all body parts, but there is less material in the disc,

oral frame, and arm tips to begin with, so the material

available within them is exhausted sooner than that in

other body parts. The latter possibility is the more likely,

because the medial and proximal arms have the highest

total amounts of all biochemical constituents (Table I).

Animals regenerating in natural seawater showed an

initial decrease in organic mass followed by a gradual in-

crease. This indicates that the use of material during early

regeneration exceeded the rate at which DOMuptake

from the medium could compensate for it, and thus must

have been at least partially independent of external nu-

trient availability. Loss of organic material occurred in
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' 4C-Glucose tracer content of tissues during early disc regeneration. (A) Natural seawater

experiment. (B) Artificial seawater experiment. AC = Artificial seawater control, AR = Artificial seawater

regenerating, NC = Natural seawater control. NR = Natural seawater regenerating, DIST = Distal arm,

PROX= proximal arm and oral frame. Error bars represent 95% confidence intervals. Error bars and points

offset slightly for graphical clarity.

all non-regenerating body parts, but the overall trend was

similar to that exhibited by the artificial seawater control

group in that most of the loss was from the oral frame

and arm tips. The subsequent increase in organic material

appeared to be localized in the arms. The relative protein

content of the body increased constantly during regen-

eration, indicating either a net gain of protein during re-

generation, or a loss of minerals as tissue breakdown oc-

curred. This gain could be due to a net uptake of proteins

(or amino acids) from the medium, or a combination of

uptake and overall loss of other body biochemical con-

stituents during regeneration. Although the carbohydrate

and lipid content of the body did not change significantly

over the same period, the latter explanation is more likely,

because the animals lost total caloric content constantly

during regeneration. The increase in organic material in

the non-regenerating portions of the body after day 12 is

problematical, because no corresponding increase in bio-

chemical constituents in those parts could be demon-

strated. This increase might be explained as the summa-

tion of non-significant increases in each biochemical con-

stituent to make a significant increase in total organics.

Animals regenerating in the absence of exogenous nu-

trients constantly lost organic material from non-regen-

erating body parts. The rate of loss was relatively rapid

through day 8, and slower from day 12 through day 20.

This change was related to the constant decrease in pro-

tein, carbohydrate, and lipid content of the non-regen-

erating tissues. Although lipid content loss was statistically

significant only in the medical portions of the arms, all

non-regenerating body parts showed a trend toward lipid

loss. The regenerating disc tissue increased in protein,

carbohydrate, and lipid content through day 12, after

which protein and carbohydrate content dropped dra-

matically, while lipid content remained the same or

slightly increased (the continued proportional lipid in-

crease was probably due to the loss of protein and car-

bohydrates). The caloric content of these animals dropped
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constantly, and consistently faster than that in the exper-

imental group regenerating in natural seawater. All non-

regenerating parts of the body lost calories throughout the

experiment. The caloric content of the disc increased

through day 16, then dropped dramatically.

The data on the consumption of hiochemicals and disc

tissue production in the regeneration experimental groups,

especially the artificial seawater regeneration group, seems

to indicate that the process of regeneration runs at a set

rate, and may be independent of the nutritional state of

the animal (at least for the first two weeks of disc regen-

eration). A similar phenomenon has recently been re-

ported in crinoids under field conditions (Meyer, 1988).

These observations imply that early replacement of initial

disc tissues and structures has priority over the mainte-

nance of body mass. Since these observations coincide

temporally with appearance of the functional gut (Dobson
and Stancyk, in prep), one can conclude that the animal

tries to replace the gut so it can feed again regardless of

its initial nutritional state. Only when resources drop be-

low some critical level (i.e., the actual onset of starvation)

do they stop regenerating the disc. This experiment should

be repeated with animals that have been held without

food sources for varying lengths of time to determine

whether regeneration is even initiated after the critical

point in the food withdrawal period has passed.

Regeneration appears to require a set amount of nu-

trients, which are transported from the deep tissues of all

the non-regenerating body parts. If food is present (as

DOMin this case) the loss of material due to translocation

may be offset by uptake. Further, after the gut lining is

reformed and becomes functional, ingestion of particu-

lates, including small bacteria, may ameliorate the loss of

stored nutrients.

A previous attempt to verify and quantify nutrient

translocation into the disc from somatic body parts during

disc regeneration in Al. gracillima was unsuccessful

(Clements, 1988). That study relied on the assumption
that loss of organic material from the arms would result

in a decrease in total arm size. This assumption was based

on the results of Turner and Murdoch (1976) and the

observation that echinoid test diameter decreases during
starvation (Ebert, 1967). However, a loss of arm tissue

without a reduction in overall arm size has been dem-

onstrated in starving asteroids (Lawrence et al.. 1986).

Thus, the internal soft tissues of asteroid arms are scav-

enged while leaving the calcified structures in place. In-

deed, the arms of asteroids have been implicated as general

nutrient storage organs (Beijnink and Voogt, 1984; Law-

rence, 1987). If the non-regenerating body parts of M.

gracillima are fulfilling a similar role, then translocation

of organic material from the non-regenerating body parts

should occur without an overall decrease in body part size

or inorganic (
= ASH) weight. The calcification of tissues

in marine invertebrates is also a relatively expensive pro-

cess compared to the production of soft tissues, due to

the energetics of mineralization and the cost of producing
the skeletal matrix (Simkiss, 1976; Palmer, 1983; Law-

rence, 1987). Consequently, we would expect the calcified

structures of M. gracillima to be conserved even as its

soft tissues are degraded to supply catabolic and regen-

erative nutrients. Because the entire external surface of

M. gracillima is covered with plate ossicles and spines,

the shape and size of body parts would not change much
as the soft tissues are degraded inside the structures. The
absence of change in the ash weight of all the body parts

of all animals in the current study supports this hypothesis.

Abnormal regeneration and death of specimens in the

nutrient-enriched experimental groups is perplexing, but

has been verified by repeated experimentation (Clements.

1988; K. Fielman, pers. comm.). Because preliminary ex-

periments indicated that these conditions promoted bac-

terial growth (Clements, 1988), we took care to inhibit

such growth by completely changing the medium each

day. Several researchers have proposed that echinoderm

regeneration requires the presence of functional nerve fi-

bers that produce recognition and regulatory molecules

(Bisgrove et al.. 1988; P. Mladenov, pers. comm.). Ab-

normally high ambient concentrations of nutrients (es-

pecially amino acids, which can act as neurotransmitters)

may have directly affected the regeneration process by

interfering with the actions of these recognition molecules.

Uptake of
14

C-leucine and l4
C-glucose indicated that

dissolved organic material is taken up in statistically sig-

nificant amounts in all treatments. The results agree

closely with those of Clements (1988) for net uptake of

the amino acids leucine and glycine by M. gracillima.

However, her study showed significant retention of the

labeled compound over time. The current results indicate

that the initially retained labeled molecules are rapidly

turned over or leaked back into the medium, with little

permanent incorporation of the labeled molecules into

the tissues and no translocation of the labeled material to

the active regeneration site. The labeled compounds may
have been transported in quantities below the detected

threshold of the assay method. Wedo not know whether

the loss of label from non-regenerating tissues is due to

leakage or respiration, because the experiment was not

designed to test for respired
I4

CO2 or for an increase in

the label content of the medium with time. Wewould

understand this process better if the
' 4

C-leucine,
' 4

C-glu-

cose, and I4
CO: evolved in the medium during the post-

absorption portion of the experiment had been assayed

to determine what fraction of the material taken up by

the animals was catabolized or leaked out.

The absence of detectable translocation of radiolabeled

material into regenerating tissue indicates that, if the la-

beled material is not simply leaking out of the body [which
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is not expected to be the case based on the results obtained

by Clements (1988)], then the material may have been

absorbed only into the surface tissue layers of the body,

and not subsequently transported into the deeper tissues.

Several investigators have proposed such DOMabsorption

as a mechanism by which echinoderms, which have poor

circulatory systems, maintain their external tissues (Fer-

guson, 1982b; Bamford, 1982). In these models, DOM
feeds the external tissues, but is not transported into the

deep tissues, whereas material ingested and digested is not

transported to the surface layers but supplies nutrients

only to the internal tissues. Because the current results,

and the results of previous work on regeneration (Dobson

and Stancyk, in prep), indicate that nutrients are trans-

located from the deep tissues of the non-regenerating body

parts probably by coelomocytes of the water-vascular

system the lack of label in the regenerating disc may be

ascribed to its inability to migrate into the deep tissues

and thus to be available for regeneration.

Disc autotomy is probably a predator avoidance mech-

anism (Turner et a/., 1981). Because the disc (or at least

the gut) is needed for feeding, some mechanism should

be available to replace it after escape-response disc au-

totomy, irrespective of the nutritional state of the animal.

Such an effect has been demonstrated in this and a pre-

vious set of experiments (Dobson, Stancyk. and Clements,

in prep). In addition, because M. gracillima is a seasonal

spawner (pers. obs.), selection for rapid replacement of

the disc structures to facilitate replacement of gonads and

gametes would be expected. Because these animals lose

up to one-fourth of their available body organic mass dur-

ing early regeneration, a massive amount of body reserves

must enter the process. However, a significant amount of

the reserves must be used for maintenance metabolism.

This study shows that, although these animals do have

some energy storage resources (because the starving and

regenerating animals still produce disc tissue), there is still

no specific nutrient storage organ or tissue. Without ad-

ditional exogenous nutrient input, these stores are depleted

within about two weeks, a sufficient time for replacement

of the gut and initiation of feeding, even when paniculate

and dissolved exogenous organic material is absent.

Acknowledgments

This work would not have been possible without the

facilities of the Biology Department of U.S.C. and the

Belle W. Baruch Institute. This work was supported in

part by a Grant from the Slocum-Lunz Foundation of

South Carolina to W. E. Dobson, and in part from a Na-

tional Institute of Health Biomedical Research Support

Grant (grant #BSR-85 14326) to S. E. Stancyk, W. E.

Dobson, R. M. Showman, and L. A. Clements. Field as-

sistance was provided by K. Zimmerman and K. Fielman.

Special thanks to L. F. Dobson for gestalt support.

Literature Cited

Bamford, D. 1982. Epithelial absorption. Pp. 317-330 in Echinoderm

\ntrinoH. M. Jangoux and J. M. Lawrence, eds. A. A. Balkema.

Rotterdam.

Barnes, H., and J. Blackstock. 1973. Estimation of lipids in marine

animals and tissues: detailed investigation of the sulphophospho-

vamllin method for "total" lipids. J. E\p. Mar. Biol. Ecol. 12: 103-

118.

Beijnink, F. B., and P. A. Voogt. 1984. Nutrient translocation in the

sea star: whole-body and microautoradiography after ingestion of

radiolabeled leucine and palmitic acid. Biol. Bull. 167: 669-682.

Bisgrove, B. W., P. V. Mladenov, S. K. Asotra, and R. D. Burke.

1988. Wound healing and regeneration following arm-tip ampu-

tation in the sea star Lefiiaxieruix hcxactis. P. 788 in Echinoderm

Biology. Proceedings ol the Sixth International Echinoderm Confer-

ence. R. D. Burke. P. V Mladenov, P. Lambert, and R. L. Parsley,

eds. Victoria. 23-28 August.

Bradford, M. M. 1976. A rapid and sensitive method for the quanti-

fication of protein utilizing the principle of protein dye-binding. Anal

Biochem 72: 248-254.

Brody, S. 1964. Bioenergetics and Growth. Hafner. New York. 1023

pp.

Brown, B. K. 1982. Gut replacement during disc regeneration of the

autotomized disc of Ophiopliruginux filograneus (Echmodermata:

Ophiuroidea). Unpublished master's thesis, Florida Institute of

Technology. Melbourne. 90 pp.

Cavanaugh.G. M. 1965. Formulae and Methods I', of the Marine Bio-

logical Laboratory Chemical Room Mar. Biol. Lab., Woods Hole.

Mass. 87 pp.

Clements, L. A. J. 1988. Uptake and utilization of dissolved free amino

acids by the brittlestar Microphiopholis gracillima (Say, 1852) (Echi-

nodermata: Ophiuroidea). Unpublished Ph.D. dissertation. University

of South Carolina. 1 16 pp.

Clements, L. A. J., Fielman, K. T., and S. E. Stancyk.

1988. Regeneration by an amphiund bnttlestar exposed to different

concentrations of dissolved organic material. J Exp. Mar Biol. Ecol.

122: 47-61.

Crisp, D. J. 1984. Energy flow measurements. Pp. 284-372 in Methods

for the Stiuly of Marine Benthos. N. A. Holme and A. D. Mclntyre.

eds. Blackwell Scientific Publications, Oxford.

Cummins. K. \V., and Wuycheck, J. C. 1971. Caloric equivalents for

investigations in ecological energetics. Int. Ass. Theor. App. Limnol.

Vol 18. 162 pp.

Davis, E. M. 1988. Protein assays: a review of common techniques.

Am. Biotech Lab 5: 28-37.

Dobson, \V. E. 1984. Nervous mediation of disc autotomy in Ophio-

phragmus filograneus (Echinodermata: Ophiuroidea). M.S. Thesis.

Florida Institute of Technology, Melbourne. 68 pp.

Dobson, W. E. 1985. A pharmacological study of neural mediation of

disc autotomy in Ophiophragmus filograneus (Lyman) (Echino-

dermata: Ophiuroidea). / Exp. Mar Biol. Ecol. 94: 223-232.

Dubois, M., K. A. Gilles, J. K. Hamilton, P. A. Rebers, and F. Smith.

1956. Colonmetnc method for determination of sugars and related

substances. Anal Chcm. 28: 350-356.

Duineveld, G. C. A., and G. J. Van Noort. 1986. Observations on the

population dynamics of Amphnira ftliformis (Ophiuroidea: Echi-

nodermata) in the southern North Sea and its exploitation by the

Dab. Limanda limanda. Neth. J Sea Res. 20: 85-94.

Ebert, T. A. 1967. Negative growth and longevity in the purple sea

urchin Slrongylocenlrolus piirpuratux (Stimpson). Science 157: 557-

558.

Ekert, R.. and D. Randall. 1978. Animal Physiology. Freeman, San

Francisco. 558 pp.



184 W. E. DOBSONET .41.

Emson, R. H., and I. C. Wilkie. 1980. Fission and autotomy in echi-

noderms. Oceiuwgr. Mar. Bid. Aim Review 18: 155-250.

Feral, J.-P. 1985. Effect of short-term starvation on the biochemical

composition of the apodous holothurian Lenlosynapla gallicnnei

(Echinodermata): possible role of dissolved organic material as an

energy source. Mar. BH//. 86: 297-306.

Ferguson, J. C. 1982a. A comparative study of the net metabolic ben-

efits derived from the uptake and release of free amino acids by marine

invertebrates. Biol. Bull. 162: 1-17.

Ferguson, J. C. 1982b. Support of metabolism of superficial structures

through direct uptake of dissolved primary amines in echinoderms.

Pp. 345-351 in Echinoderm Biology: Proceedings of the International

Echinoderm Conference, J. M. Lawrence, ed. Tampa Bay, 14-17

September.

Gibson, A. W., and R. D. Burke. 1983. Gut regeneration by mor-

phallaxis in the sea cucumber Leptosynapla clarki (Heding. 1928).

Can.J. Zoo/. 61:2720-2732.

Giese, A. C. 1966. On the biochemical constitution of some echino-

derms. Pp. 757-796 in Physiology oj Echinodermata, R. A. Booloo-

tian, ed. John Wiley, New York.

Lawrence, J. 1987. A Functional Biology ol Echinoderms. Johns Hop-
kins University Press, Baltimore. 340 pp.

Lawrence, J., T. S. Klinger, J. B. McClintock, S. A. Watts, C. P. Chen,

A. March, and L. Smith. 1986. Allocation of nutrient resources to

body components by regenerating Lindia clalhrala (Say) (Echino-

dermata: Asteroidea). J E.\p. Mar. Biol. Ecol. 102: 47-53.

Myer, D. L. 1988. Crinoids as renewable resources: rapid regeneration

of the visceral mass in a tropical reef-dwelling crinoid from Australia.

Pp. 519-522 in Echinoderm Biology: Proceedings of the Sixth Inter-

national Eclunoderm Conference, R. D. Burke. P. V. Mladenov, P.

Lambert, and R. L. Parsley, eds. Victoria, 23-28 August. 818 pp.

O'Conner, B., T. Bowmer, D. McGrath, and R. Raine. 1986. Energy
flow through an Amphmra /i/i/ormis (Ophiuroidea: Echinodermata)

population in Galway Bay, west coast of Ireland: a preliminary in-

vestigation. Ophelia 26: 351-357.

Ostle, B. and R. \V. Mensing. 1975. Statistics in Research, 3rd ed.

Iowa State University Press. 596 pp.

Palmer, A. R. 1983. Relative cost of producing skeletal organic matrix

versus calcification: evidence from marine gastropods. Mar Biol. 75:

287-292.

Simkiss, K. 1976. Cellular aspects of calcification. Pp 1-32 in The

Mechanisms ol Mineralization in the Invertebrates and Plants, N.

Watabe and K. M. Wilbur, eds. Univ. of South Carolina Press.

Sokal, R. R., and F. J. Rohlf. 1981. Biometry Freeman. New York.

859 pp.

Turner, R. I,., and J.D. Murdoch. 1976. Potential of arms as a nutrient

source for disc regeneration in bnttlestars. Am. Zoo/. 16: 288 (Ab-

stract).

Turner, R. L., D. VV. Heatwole, and S. E. Stancyk. 1981. Ophiuroid

discs in stingray stomachs: evasive autotomy or partial consumption

of prey? Pp. 331-335 in Echinoderm Biology: Proceedings of the

International Echinoderm Conference, J. M. Lawrence, ed. Tampa
Bay, 14-17 September.

Williams, P. J. LeB. 1975. Biological and chemical aspects of dissolved

organic material in seawater. Pp. 301-363 in Chemical Oceanography,

Vol. 2, Rilev, J. P. and G. Skirrow, eds. Academic Press, London.


